The human ether-a-go-go-related gene (hERG) encodes the pore-forming subunit of the rapidly activating delayed rectifier potassium channel (I Kr ), which is important for cardiac repolarization. Dysfunction of hERG causes long QT syndrome and sudden death, which occur in patients with cardiac ischemia. Cardiac ischemia is also associated with activation, up-regulation, and secretion of various proteolytic enzymes. Here, using whole-cell patch clamp and Western blotting analysis, we demonstrate that the hERG/I Kr channel was selectively cleaved by the serine protease, proteinase K (PK). Using molecular biology techniques including making a chimeric channel between protease-sensitive hERG and insensitive human ether-a-go-go (hEAG), as well as application of the scorpion toxin BeKm-1, we identified that the S5-pore linker of hERG is the target domain for proteinase K cleavage. To investigate the physiological relevance of the unique susceptibility of hERG to proteases, we show that cardiac ischemia in a rabbit model was associated with a reduction in mature ERG expression and an increase in the expression of several proteases, including calpain. Using cell biology approaches, we found that calpain-1 was actively released into the extracellular milieu and cleaved hERG at the S5-pore linker. Using protease cleavage-predicting software and site-directed mutagenesis, we identified that calpain-1 cleaves hERG at position Gly-603 in the S5-pore linker of hERG. Clarification of protease-mediated damage of hERG extends our understanding of hERG regulation. Damage of hERG mediated by proteases such as calpain may contribute to ischemia-associated QT prolongation and sudden cardiac death.
Coordinated ion channel activity controls the rhythmic heartbeat, and dysfunction of ion channels causes cardiac arrhythmias and sudden death (1) . The human ether-a-go-gorelated gene (hERG) 2 encodes the pore-forming subunit of the rapidly activating delayed rectifier K ϩ channel (I Kr ), which plays an important role in the repolarization of cardiac action potentials (2, 3) . The ventricular action potential duration is reflected by the QT interval on an electrocardiogram. Reduction of hERG current (I hERG ) prolongs the action potential and causes long QT syndrome (LQTS), a cardiac electrical disorder that predisposes individuals to the potentially fatal ventricular arrhythmia torsades de pointes and sudden death (1, 4) . Many loss-of-function mutations in hERG have been identified in humans, which decrease I Kr and cause type 2 inherited LQTS (5) . Dysfunction of hERG also represents a primary cause of acquired LQTS. For example, hERG is preferentially targeted by a large number of drugs, giving rise to drug-induced LQTS (1) . Moreover, we have shown that a reduction in the serum K ϩ concentration (hypokalemia) selectively decreases hERG function and expression, leading to LQTS (6) . We demonstrated that the hERG channel requires extracellular K ϩ to maintain the function and membrane stability (7) .
The S5-pore linker of the hERG channel is unusually long (43 amino acids) compared with the linkers of other voltage-gated K ϩ (Kv) channels (10 -23 amino acids) (8, 9) . It is exposed to the extracellular side of the membrane and contains the unique binding domain for scorpion toxins (e.g. BeKm-1) that selectively block hERG channels with an IC 50 in low nanomolar concentrations (10 -12) . It was demonstrated that the S5-pore linker of hERG is the selective target domain for cleavage by experimental serine proteases, including PK and protease XIV and XXIV (13) . However, it is not known whether hERG/I Kr is also susceptible to proteases under physiological and/or pathophysiological conditions.
Ischemic heart disease is a leading cause of death, and it is the major cause of sudden cardiac death worldwide (14) . Cardiac ischemia activates various proteases, such as the cysteine protease calpain (15, 16) (which are actively secreted into the extracellular milieu (17) (18) (19) ), serine proteases such as membraneanchored matriptase-2 (20, 21) , and matrix metalloproteinases (MMPs) (22, 23) . Protease-mediated cleavage of various cell surface proteins has been reported (24) . Although many factors may contribute to sudden death in ischemic heart disease, the finding that QT prolongation occurs in many ischemic cases has changed the classical concept of the cardiac ischemia cascade (25) . The QT interval is abnormally prolonged in patients with unstable angina (26) and acute myocardial infarction (27) . The extent of QT prolongation was shown to be an independent predictor of sudden cardiac death (27, 28) . It is currently unknown how cardiac ischemia causes QT prolongation.
In the present study, we demonstrate that hERG expressed in HEK cells and I Kr in cardiomyocytes are uniquely susceptible to extracellular protease-mediated damage. We show that the cleavage site is located in the extracellular S5-pore linker. We show that replacing the S5-pore linker of hERG with that of human EAG (hEAG) completely eliminated the PK sensitivity of hERG channels. As well, application of the hERG S5-pore linker binding scorpion toxin BeKm-1 effectively protected ERG channels from protease-mediated cleavage. Furthermore, our data show that coronary ligation-induced cardiac ischemia in rabbits led to a selective reduction in mature ERG protein expression with a concomitant increase in the cysteine protease calpain, the serine protease matriptase-2, and the matrix metalloproteinase MMP-2 expression. In particular, we found that transfection of calpain-1 into HEK cells led to a drastic increase in the expression of calpain-1 in the culture medium, and transfer of this medium to hERG-expressing HEK cells resulted in a reduction in mature hERG channel expression and I hERG . Finally, we identified that calpain-1 cleaves mature hERG in the S5-pore linker. Using protease cleavage-predicting software (PROSPER) and site-directed mutagenesis in the S5-pore linker, we identified that calpain-1 cleaves mature hERG at amino acid position Gly-603. Recognition of the unique susceptibility of hERG channels to extracellular proteases extends our understanding of hERG regulation as well as the development of QT prolongation and arrhythmias in pathophysiological conditions such as cardiac ischemia.
Results
The hERG/I Kr Channel Displays Unique Sensitivity to Proteolytic Degradation-We examined the effects of PK treatment on I Kr 
-mediated L-type Ca 2ϩ channel current), and I Na (Na ϩ current) in ventricular myocytes from neonatal rats. Ventricular myocytes were isolated and cultured on glass coverslips for 24 h. Cells were treated with PK (200 g/ml) in the culture medium at 37°C for 20 min and then transferred to the recording chamber for current recordings using the whole-cell patch clamp method (6, 7, 29) . Whereas PK treatment nearly eliminated I Kr-Cs (Cs ϩ -mediated I Kr ), it had no effect on I to , I K1 , I Ca-Ba , or I Na (Fig. 1) . To further understand the specificity of proteases on K ϩ channels, we studied the effects of PK on hERG, Kv4.3 (encoding I to ), Kir2.3 (encoding I K1 ), KCNQ1 ϩ KCNE1 (encoding I Ks ), and hEAG (hERG-related K ϩ channel) channels stably expressed in HEK 293 cells. K ϩ channel-expressing HEK cells were treated with PK (200 g/ml) in the culture medium at 37°C for 20 min. The cells were then collected for whole-cell patch clamp analysis. As shown in Fig. 2 , PK treatment selectively eliminated I hERG without affecting other channels. The use of PK (e.g. 200 g/ml, 20 min) as an experimental tool to cleave cell surface hERG and Kv1.5 channels has been previously established by our laboratory and others (29 -32) . To investigate the potential physiological relevance of protease-mediated hERG damage, we cultured stably hERG-express- ing HEK (hERG-HEK) cells with various concentrations of PK (1, 5, 20 , and 100 g/ml) in the culture medium (minimum essential medium (MEM) supplemented with 10% FBS) for 12 h. The cells were then collected for patch clamp or Western blotting analysis. As shown in Fig. 3A , PK reduced I hERG in a concentration-dependent manner with an EC 50 of 5.9 g/ml.
To determine whether the PK-mediated reduction of I hERG was a result of cell surface cleavage of mature hERG channels, we performed Western blotting analysis of whole cell lysate in control and PK-treated cells. Normal hERG proteins on Western blots display two bands with molecular masses of 155 and 135 kDa. Using various techniques, including biotin-mediated cell surface protein analysis, we and others have established that, for hERG proteins extracted from cells under normal culture conditions, the 155 kDa band reflects the mature, fully glycosylated channels localized in the plasma membrane, and the 135 kDa band reflects the immature, core-glycosylated hERG channels localized intracellularly (6, 13, 29 -31, 33, 34) . As shown in Fig. 3B , PK treatment for 12 h led to a concentration-dependent reduction of the 155-kDa hERG band with an EC 50 of 8.4 g/ml. However, PK treatment did not affect the intracellularly localized 135-kDa (immature) hERG proteins. These data indicate that PK-mediated cleavage of mature hERG protein is responsible for the reduced I hERG .
The Proteolytic Site Is in the S5-pore Linker of hERG ChannelsTo investigate the PK cleavage site of hERG channels, we analyzed hERG degradation products from hERG-HEK cells treated with PK (200 g/ml) at 37°C for 20 min. Because proteinase K cannot permeate the cell membrane, it has been used as a tool to cleave cell surface protein to identify the plasma membrane-localized hERG channel proteins (29 -31) . As expected, PK treatment selectively abolished the 155-kDa hERG band without affecting the 135-kDa hERG band (Fig. 4A) . The disappearance of the 155 kDa band was accompanied by the appearance of a 70 kDa band fragment when an N terminus-targeting hERG (N-20) antibody was used (Fig. 4A, left) . When a C terminus-targeting hERG antibody (C-20) was used, the elimination of the 155 kDa band of hERG was accompanied by the appearance of a 65 kDa band fragment (Fig. 4A, right) .
Extracellularly applied proteases may cleave hERG channels by targeting the S1-S2 linker, the S3-S4 linker, the S5-pore linker, or the pore-S6 linker. Structurally, whereas the S5-pore linker contains 43 amino acid residues, the S1-S2, S3-S4, and pore-S6 linkers contain about 26, 4, and 6 amino acid residues, respectively (UniProt, Q12809). The long S5-pore linker is approximately in the middle of the channel protein sequence. Based on ExPASy-ProtParam Tool (software) analysis of cleavage products by PK, the cleavage site is predicted to be in the S5-pore linker (Fig. 4) .
The combined molecular mass of the N-terminal and C-terminal fragments after PK digestion is 135 kDa (70 ϩ 65 kDa), which is 20 kDa less than the mature 155-kDa hERG protein that has been cleaved. Two possibilities may account for the missing 20-kDa fragment. First, a small peptide fragment of 20 kDa could be digested from the channel during cleavage. Second, an N-linked oligosaccharide at position Asn-598 in the S5-pore linker, which results from full glycosylation during channel maturation, may be cleaved off during digestion. The second possibility was previously proposed by Rajamani et al. (13) . Our data as described below also support the notion that N-linked oligosaccharide in the S5-pore linker is cleaved off during PK digestion.
Under normal culture/physiological conditions, the hERG subunit is synthesized as a 132-kDa protein and undergoes core glycosylation with the addition of a 3-kDa glycan to become the 135-kDa immature product in the endoplasmic reticulum. During maturation, the core-glycosylated (135-kDa) hERG undergoes complex glycosylation in the Golgi apparatus with the addition of a 20-kDa oligosaccharide to become the 155-kDa mature protein, which is transported to the plasma membrane and has a half-life of ϳ11 h (35, 36) . The glycosylation of hERG channels has been shown to be N-linked at position Asn-598 and can be prevented by tunicamycin treatment or by the N598Q mutation (13, 35) . It has been shown that glycosylation is not required for the cell surface expression of functional hERG channels (35) . Thus, after prevention of N-linked glycosylation by either tunicamycin treatment or N598Q mutation, there is neither mature protein at 155 kDa nor immature protein at 135 kDa; instead, there is mature protein at 132 kDa localized in the plasma membrane and immature protein also at 132 kDa localized intracellularly (13, 35) . Consistently, our data show that treatment of hERG-HEK cells with tunicamycin (10 g/ml) for 48 h resulted in hERG proteins that display a single band at 132 kDa (Fig. 4A , right side of each panel). Tunicamycin-treated cells with only 132-kDa hERG proteins still display hERG current, indicating that a portion of 132-kDa protein represents mature functional channels. Removal of glycosylation did not affect the half-activation voltage of I hERG (control, Ϫ3.5 Ϯ 1.5 mV (n ϭ 6); tunicamycin, Ϫ8.9 Ϯ 3.4 mV (n ϭ 6); p Ͼ 0.05). However, it increased the slope factor of the activation curve of I hERG (control, 6.8 Ϯ 0.2 mV (n ϭ 6); tunicamycin, 8.7 Ϯ 0.4 mV (n ϭ 6); p Ͻ 0.01) and reduced the I hERG amplitude by 37% (control, 1.21 Ϯ 0.14 nA (n ϭ 6); tunicamycin, 0.76 Ϯ 0.05 nA (n ϭ 6); p Ͻ 0.01). Cleavage of tunicamycintreated cells with PK abolished I hERG ( Fig. 4B ) and decreased the intensity of the 132 kDa band, indicating that the mature cell surface 132-kDa hERG channels had been cleaved, and the immature intracellularly localized 132-kDa hERG channels were not affected (13) . Cleavage of the cell surface 132-kDa hERG produced a 70-kDa N-terminal fragment and a 62-kDa C-terminal fragment (Fig. 4A ). Because the fragments from normal (glycosylated) and tunicamycin-treated (unglycosylated) hERG channels are similar in size, we conclude that PK treatment removes the oligosaccharide at Asn-598 while cleaving hERG (Fig. 4C) . The digestion site for protease XXIV in the hERG channel is similar to that of PK, as shown in Fig. 4A .
To directly address the notion that the S5-pore linker of hERG is the region cleaved by proteases, we used a hERG-EAG chimeric channel in which the S5-pore linker of hERG was replaced by the S5-pore linker of EAG (37) (Fig. 5 ). Our data show that neither hEAG ( Fig. 2 ) nor bovine EAG (bEAG) (data not shown) was sensitive to PK. The whole amino acid sequence of bEAG shares a 96% homology with hEAG. Furthermore, the amino acid sequences of the S5-pore of hEAG and bEAG are 100% identical. We named the mutant hERG channel with the EAG S5-pore linker hERG-EAGS5P. As shown in Fig. 5 , hERG-EAGS5P was completely resistant to PK. Unlike hERG, the mutant hERG-EAGS5P did not inactivate. However, the insensitivity of hERG-EAGS5P to proteases was not a result of deficient inactivation, because hERG channels with inactivation removed by ICA-105574 (38) were still sensitive to PK cleavage (Fig. 5) .
The BeKm-1 Peptide Protects hERG from Protease CleavageTo further confirm that the S5-pore linker of hERG is the protease cleavage site and to explore means to protect hERG from protease cleavage, we examined the protective effects of the scorpion toxin BeKm-1 on PK-mediated hERG cleavage.
BeKm-1 is a peptide that selectively binds to the S5-pore linker of hERG with a dissociation constant in low nanomolar concentrations (10 -12) . We discovered that BeKm-1 effectively prevented PK-mediated cleavage of hERG channels. As shown in Fig. 6A , whereas PK treatment of hERG-HEK cells completely eliminated I hERG , the same treatment in the presence of BeKm-1 (1 M) did not affect I hERG . As shown in Fig. 6B , the BeKm-1 protection of hERG from PK cleavage was also confirmed by Western blotting analysis. Furthermore, in isolated cardiac myocytes, BeKm-1 also effectively protected I Kr from PK-mediated cleavage (Fig. 6C ). Because BeKm-1 selectively binds to the hERG S5-pore linker, we propose that such binding , and the summarized activation curves (right) in each condition. **, p Ͻ 0.01 versus control, maximal tail currents (n ϭ 6 cells in each group). C, amino acid sequence alignment of S5-pore linker and pore region of hERG and KCNQ1. The S5-pore linkers of both channels are highlighted in red. The pore region and selectivity filter of each channel are highlighted in black and blue, respectively. The N-linked glycosylation site of hERG is marked at position 598. Below the sequences is an illustration depicting the potential site for PK-mediated cleavage. The S5-pore linker with N-linked oligosaccharide before and after PK cut is shown. Error bars, S.E.
probably shields the linker from digestion by proteases such as PK (Fig. 6D) .
It has been reported that KCNE1 (minK) or KCNE2 (MiRP) serves as subunits that associate with hERG to form functional channels (39, 40) . To determine whether KCNE1 or KCNE2 is protective against PK cleavage of hERG, we transfected empty pcDNA3 vector (control), KCNE1, or KCNE2 plasmid into hERG-HEK cells. 24 h after transfection, cells were treated with PK (200 g/ml) for 20 min at 37°C. Treated cells were subsequently subjected to Western blotting and patch clamp analyses. As shown in Fig. 7 , neither KCNE1 nor KCNE2 prevented PK-mediated degradation of hERG channels. This finding is consistent with the observation that I Kr in ventricular myocytes that may contain KCNE1 and KCNE2 is still susceptible to PK digestion, as shown in the present study ( Fig. 1) as well as reported previously (13) .
Cardiac Ischemia Reduces Mature ERG Channel Expression and Up-regulates Proteases-PK is frequently used as an experimental tool to determine the cell surface localization of ion channels and other proteins (29 -32) . To investigate whether hERG is also susceptible to proteases elevated under certain pathophysiological conditions, such as ischemia (41), we induced cardiac ischemia in rabbits via left circumflex coronary artery ligation and isolated the ventricular tissue for Western blotting analysis 24 h after ligation. Our data show that the mature ERG channel expression was significantly reduced in the ischemic ventricular tissues (Fig. 8A) , and this reduction was selective to ERG, because the KCNQ1 channel was unaffected (Fig. 8B) . Along with reduced ERG, cardiac ischemia led to a significant up-regulation of the cysteine protease calpain (Fig. 8C) , the membrane-anchored serine protease matriptase-2 (Fig. 8D) , and matrix metalloproteinase MMP-2 (Fig.  8E) . In fact, the activation and up-regulation of these proteases in ischemic conditions have been previously reported (15, (21) (22) (23) 41) . We chose to focus on these three proteases because calpain and MMP have been reported to secrete into the extracellular milieu (41), whereas matriptase-2 is located in the plasma membrane with its catalytic head functioning extracellularly (42) .
Calpain-1 Secretion Cleaves Mature hERG ExtracellularlyTo determine whether matriptase-2, MMP-2, and calpain cleave hERG channels, we transfected their respective plasmids into hERG-HEK cells. 24 h after transfection, wholecell patch clamp and Western blotting analysis were performed to determine the effect of these proteases on hERG channels. Our data with Western blotting analysis show that matriptase-2 was primarily expressed in the cell lysate with undetectable expression levels in the culture medium (Fig.  9A ). Neither hERG expression (Fig. 9A ) nor I hERG (Fig. 9B ) was affected by matriptase-2 overexpression. Transfection of MMP-2 plasmid led to a significant expression of MMP-2 in the cell lysate and culture medium (Fig. 9C) . Overexpres- sion of MMP-2 had no effect on either hERG expression (Fig.  9C ) or I hERG (Fig. 9D) .
There are two main isoforms of calpain, calpain-1 (-calpain) and calpain-2 (m-calpain) (43) . The anti-calpain antibody that we used (sc-30064, Santa Cruz Biotechnology, Inc.) detects both calpain-1 and calpain-2. To investigate the effects of calpain-1 and calpain-2 on hERG channels, we transfected their respective plasmids (CAPN1, SC116897; CAPN2, SC119079 (OriGene); pcDNA3 empty vector as control) into hERG-HEK cells. 24 h after transfection, cells were collected for Western blotting and patch clamp analyses. As shown in Fig. 9E , calpain-1, but not calpain-2, significantly reduced the mature (155-kDa) hERG channel expression, whereas the immature (135-kDa) hERG expression was not affected. Interestingly, besides the elevated expression of calpain-1 and calpain-2 in the cell lysate, a significant level of calpain-1, but not calpain-2, was observed in the culture medium of the transfected cells (Fig. 9E ). These observations prompted us to hypothesize that the secreted calpain-1 in the culture medium is responsible for the reduction in mature hERG expression. Consistent with this hypothesis, our data show that the treatment of membraneimpermeant calpain inhibitor peptide B27 (1 M) completely prevented the calpain-1-induced hERG reduction (Fig. 9F ). To further demonstrate that secreted calpain-1 is responsible for the mature hERG reduction, we transfected HEK cells with either pcDNA3 or calpain-1. 24 h after transfection, culture medium of transfected cells were collected and applied to nontransfected hERG-HEK cells for 12 h. Medium from calpain-1-transfected cells (CAPN-1-m) reduced the mature hERG protein expression (Fig. 9G ) and I hERG (Fig. 9H) . Again, the presence of the calpain inhibitor peptide B27 abolished the CAPN-1-m-mediated reduction in mature hERG expression (Fig. 9G ) and I hERG (Fig. 9H) .
Calpain-1 Cleaves hERG in the S5-pore Linker at Amino Acid Position Gly-603-To determine whether the S5-pore linker is the region susceptible to calpain-1 cleavage, we examined the effects of calpain-1 on the mutant hERG-EAGS5P. We collected the culture medium from HEK cells 24 h after transfection with pcDNA3 (Ctrl-m) or CAPN-1 plasmid (CAPN-1-m) and applied it to HEK cells expressing WT hERG or mutant hERG-EAGS5P for 12 h. As shown in Fig. 10A , whereas calpain-1-m reduced I hERG , it had no effect on I hERG-EAGS5P . Furthermore, BeKm-1 (1 M), which binds to the S5-pore linker, abolished the calpain-1-m-induced reduction in mature hERG expression (Fig. 10B ) and I hERG (Fig. 10C) .
To determine the exact calpain-1 cleavage site, we analyzed the hERG S5-pore linker using PROSPER (Protease Specificity Prediction Server (44) , an integrated feature-based tool for predicting substrate cleavage sites by proteases). Two cleavage sites for cysteine proteases were predicted: GNME2QPHM and SGLG2GPSI (Fig. 11, top) . We thus constructed E575A and G603A mutant hERG channels to disrupt the predicted cleavage sites as indicated by PROSPER analysis. Additional random alanine-scanning mutations in the S5-pore linker were performed, and those expressing functional channels were included in the analysis as negative controls. Overall, WT, E575A, D580A, D591A, Y597A, G603A, or D609A mutant hERG plasmid was transfected to HEK cells along with empty pcDNA3 (control) or calpain-1 plasmid. GFP was also included in the transfection to identify transfected cells for electrophysiological recordings, which were performed 24 h after transfection. As shown in Fig. 11 , WT as well as D580A, D591A, Y597A, and D609A mutant hERG channels remained sensitive to calpain-1 digestion. Between the two predicted calpain cleavage sites (E575A and G603A), whereas the E575A mutant remained sensitive to calpain-1
FIGURE 8. Cardiac ischemia in rabbits reduces mature ERG protein expression and increases the expression of calpain, matriptase-2, and MMP-2. A and B, Western blots of ventricular tissue from control (Ctrl) or ischemic (Isc) rabbit hearts showing that 24-h ischemia significantly decreases the 155-kDa ERG expression (n ϭ 3) but not KCNQ1 expression (n ϭ 3). C-E,
Western blots demonstrating that ventricular tissue from ischemic rabbit hearts contains significantly elevated levels of calpain (CAPN; n ϭ 4), matriptase-2 (Matr-2; n ϭ 4), and MMP-2 (n ϭ 6) compared with control. Actin was used as a loading control. The band intensities are normalized to their respective controls and shown as relative values below corresponding Western blot images. *, p Ͻ 0.05 versus control; **, p Ͻ 0.01 versus control. Error bars, S.E.
cleavage, the G603A completely abolished the calpain-1-mediated hERG reduction (Fig. 11, bottom) . Thus, we conclude that calpain-1 cleaves hERG in the extracellular S5-pore linker specifically at the amino acid Gly-603.
Discussion
hERG/I Kr is important for human ventricular repolarization (1, 4) . The unique susceptibility of hERG/I Kr to extracellular proteases was indicated during cardiomyocyte isolation for many years. To record and analyze native I Kr and other cardiac channel currents, isolation of single cardiac myocytes is commonly performed using enzymatic digestion and dissociation (45) (46) (47) . An unusual proteolytic degradation of hERG has been suggested in some of these studies. Enzymes that are used for cardiac myocyte isolation include collagenase, protease XIV, protease XXIV, trypsin, etc. (45) (46) (47) . Despite the fact that hERG is the predominant channel for human cardiac repolarization and its defects cause LQTS (1, 4) , an absence of I Kr in ventricular myocytes isolated from human tissues has been reported by Beuckelmann et al. (48) . Similarly, Schaffer et al. (49) reported that I Kr was absent in 32 of 34 ventricular myocytes isolated from human tissue. As well, Konarzewska et al. (50) reported that the delayed rectifier K ϩ current (I K ) was not measurable, but inward rectifier K ϩ current I K1 and transient outward K ϩ current I to were robust in human ventricular myocytes. They speculated that the use of protease XXIV during cardiomyocyte isolation might have decreased I K (50) . The high susceptibility of hERG and native I Kr to PK, protease XIV, and XXIV, but not to collagenase and trypsin, was directly demonstrated by Rajamani et al. (13) . They studied hERG, KCNQ1 ϩ KCNE1, hKir2.1 (KCNJ2), mEAG K ϩ channels, Na ϩ channels, and L-type Ca 2ϩ channels heterologously expressed in HEK cells as well as native I Kr , I Ks , and I K1 in canine ventricular myocytes. They found that exogenous PK, protease XIV, and protease XXIV selectively degraded cell surface hERG/I Kr channels without affecting other channel currents (13) . Through analyzing the degradation products of normal glycosylated WT and unglycosylated N598Q mutant hERG channel proteins generated by PK, Rajamani et al. (13) also proposed the possibility that PK cleaves hERG in the S5-pore linker while trimming off the oligosaccharide at position Asn-598. In the present study, using stable cell lines expressing various K ϩ channels and using neonatal rat ventricular myocytes, we confirmed the unique susceptibility of hERG/I Kr to proteases. Our results shown in Figs. 1, 2 , and 4 are consistent with data published previously by Rajamani et al. (13) . However, the present study revealed several original findings from both clinical and molecular biology perspectives. To investigate the potential physiological relevance of protease susceptibility of hERG channels, we applied various concentrations of PK to the normal cell culture medium (MEM plus 10% FBS) during cell culture for 12 h. A concentration-dependent cleavage of cell surface hERG channels was observed (Fig. 3) , indicating that extracellular proteases can chronically damage hERG function. In this regard, we found that calpain is up-regulated along with a decreased ERG expression in a rabbit cardiac ischemic model (Fig. 8) . In the expression system of HEK cells, we discovered that overexpression of calpain-1, but not calpain-2, led to a significant protein expression level in the cell culture medium (Fig. 9E) . Furthermore, we discovered that extracellular calpain-1 cleaved hERG at position Gly-603 in the S5-pore linker of the channel (Fig. 11) . The protease (calpain)-mediated damage of I Kr provides a novel mechanism for QT prolongation, arrhythmias, and sudden death in patients with ischemic heart disease.
Furthermore, using a chimeric channel made between PKsensitive hERG and PK-insensitive EAG, we demonstrate that the S5-pore linker is the target region for both PK and calpain-1 (Figs. 5 and 10 ). Most interestingly, our data reveal that the scorpion toxin BeKm-1, a 36-amino acid peptide, which binds to the S5-pore linker, can effectively prevent PK-and calpain-1-mediated cleavage of hERG channels (Figs. 6 and 10) . Although BeKm-1 itself may not be an appropriate agent to protect hERG from protease-mediated damage due to its channel blocking property, it nevertheless provides a novel concept for the development of compounds that selectively protect hERG without blocking the channel.
Because proteases such as PK and calpain-1 are relatively non-selective, it is interesting to find that among various cardiac channels, the hERG channel is selectively cleaved by these enzymes. On the other hand, extracellular proteases may only access cell surface protein ectodomains (domains that are exposed extracellularly), not domains buried within the lipid bilayer. Thus, their cleaving effectiveness on specific cell surface proteins would depend on the extent of exposure, the amino acid sequence, and the three-dimensional structure of the domains. hERG is distinctive from other cardiac K ϩ channels in several ways. For example, it displays extracellular K ϩ dependence, fast inactivation, and promiscuous interactions with a wide spectrum of drugs (6, 51) . In particular, hERG possesses an unusually long S5-pore linker with 43 amino acids, whereas other voltage-gated potassium channels usually possess S5-pore linkers with 10 -23 amino acid residues (e.g. KCNQ1; Fig. 4C) (8, 9) . Using two novel approaches, replacing the S5-pore linker of hERG with the linker of EAG (hERG-EAGS5P) and shielding the S5-pore linker with the scorpion toxin BeKm-1, we directly demonstrated that the S5-pore linker is the cleavage site by PK and calpain-1 (Figs. 5 and 10) . By analyzing PK-produced fragments of WT hERG and hERG without N-linked glycosylation, we conclude that PK removes the 20-kDa oligosaccharide while cleaving the hERG channel in the S5-pore linker (Fig. 4) . N-Linked glycosylation takes place at position Asn-598, and GKPY2NSSG is a PROSPER-predicted serine protease cleavage site. Cleavage at this site would release a 20-kDa oligosaccharide (Fig. 4C ) and generate 65.5-and 61.2-kDa fragments (ExPASy-ProtParam Tool), which are close to the detected 70-kDa N-terminal and 65-kDa C-terminal fragments (Fig. 4A) .
Whereas PK can cleave hERG in minutes (13), calpain-mediated cleavage of hERG occurs in hours. Our data show that whereas hERG fragments can be detected in cells treated with PK for 20 min (Fig. 4A) , no hERG fragment was detected in cells treated with PK for 12 h (Fig. 3B) . We believe that the hERG fragments are degraded to undetectable levels during prolonged exposure to PK. Given that calpain-1-mediated cleavage of hERG channels occurs in hours, detection of fragments was difficult. Indeed, among 12 experiments in which hERG detection was performed in proteins from hERG-HEK cells cultured with the calpain-1 medium for 12 h, a visible, faint hERG fragment of 70 kDa was observed in only two experiments using an N-terminal antibody (data not shown). The detected 70-kDa fragment is close to the 66.0-kDa N-fragment predicted by the ExPASy-ProtParam Tool at the cleavage site of Gly-603, which Fig. 2 for hERG were used. The tail currents at Ϫ50 mV were used for measuring the current amplitudes. For E575A, Y597A, G603A, and D609A, due to their small outward currents in 5 mM K ϩ -containing bath solution, their currents were recorded in a 135 mM K ϩ -containing bath solution. The membrane was held at Ϫ80 mV, and 4-s depolarizing steps to voltages between Ϫ70 and 70 mV in 10-mV increments were applied at a pulse interval of 15 s. The inward tail currents on the repolarization steps to Ϫ80 mV after a 50-mV depolarization were used for analysis of the current amplitude. The numbers above the bar graphs indicate the number of cells examined from 3-5 independent experiments. **, p Ͻ 0.01 versus control. Error bars, S.E. is 5 amino acids away from Asn-598. Despite the difficulty of detecting fragments after calpain-1 digestion, our data, obtained using the chimeric channel between hERG and EAG to replace the hERG S5-pore linker (Fig. 10A) , using an hERGspecific toxin peptide to shield the S5-pore linker (Fig. 10, B and  C) , and using site-directed mutagenesis to disrupt the predicted cleavage sites (Fig. 11) , consistently indicate that calpain-1 cleaves hERG in the S5-pore linker at position Gly-603.
The hERG-protease interaction described in the present study has important clinical implications. Constitutively active proteases in the extracellular environment are known to regulate various cellular processes, including the activity of ion channels (52) . Because the S5-pore linker of hERG is localized extracellularly, secreted/released proteases as well as membrane-anchored proteases have the potential of cleaving cell surface hERG channels. In particular, protease activity is significantly enhanced in various diseased conditions, such as cardiac ischemia, which is associated with high incidences of QT prolongation, arrhythmias, and sudden cardiac death (25, 27, 28) . Using a rabbit ischemia model, we demonstrated that a decrease in the mature ERG expression was accompanied by increases in calpain, matriptase-2, and MMP-2 expressions (Fig. 8) . Our data show that, unlike PK and protease XXIV, membrane-anchored serine protease matriptase-2 did not cleave hERG channels (Fig. 9, A and B) . As well, MMP-2 had no effect on hERG (Fig. 9, C and D) . MMP-2 is a type IV collagenase that is secreted extracellularly to cleave type IV collagen, gelatin, and fibronectin (53) . Data from our laboratory (not shown) and others indicate that collagenase II does not cleave hERG (13) . One of the most significant findings in the present study is that calpain-1 is significantly secreted into the culture medium, which cleaves hERG at position Gly-603 in the S5-pore linker. Although the present study focused on the effects of matriptase-2, MMP-2, and calpain on hERG channels, other proteases may also damage hERG. Enhanced activities of various extracellular proteases in conditions such as ischemic injury have been documented (41) . Further research would be required to identify other proteases that potentially cleave hERG channels. In animal experiments, the inhibition of proteases such as calpain and chymase during cardiac ischemia has been shown to be cardio-protective and antiarrhythmic (54, 55) . It was reported that prolongation of the QTc interval is seen uniformly during early transmural ischemia (25) . Consequently, protecting hERG channels from protease-induced damage could have important therapeutic potential for cardiac ischemic patients. Protease inhibitors are currently used clinically to treat various diseases (56) . However, general protease inhibition would affect many cellular processes. Therefore, selective protection of hERG channels from protease damage would be desirable. In this regard, our finding that the 36-amino acid scorpion toxin BeKm-1 prevents PK-as well as calpain-mediated hERG damage is of importance. BeKm-1 selectively binds to the hERG S5-pore linker (10 -12) . We believe that such binding is likely to shield the linker from digestion by proteases, including PK and calpain. However, WT BeKm-1 may have limited practical use due to the fact that it blocks hERG channels. Nonetheless, this finding revealed the novel concept toward developing new peptides that can protect hERG from protease cleavage without blocking the channel. This is theoretically possible because, unlike most hERG blockers, which bind to the internal mouth of the channel pore and completely block the channel, scorpion toxin peptide BeKm-1 binds to the outer vestibule of hERG channels and does not completely block the channel (11) . Further investigation of the molecular mechanisms of peptide-mediated protection of hERG would facilitate identification of new peptides that bind to the S5-pore linker without blocking the channel. Such peptides would have the potential to protect hERG against protease-mediated damage and thus prevent hERG damage-associated LQTS and ventricular arrhythmias during cardiac ischemia.
In summary, our study demonstrates, for the first time, that, in addition to the experimentally used serine protease PK, calpain-1, which is up-regulated in cardiac ischemia, cleaves hERG channels in the S5-pore linker, specifically at amino acid position Gly-603. Furthermore, the selective hERG S5-pore linkerbinding peptide, BeKm-1, effectively protects hERG against cleavage by PK and calpain-1. These data extend our understanding of hERG regulation, provide novel mechanisms of arrhythmogenesis, and offer insights into innovative anti-arrhythmic strategies by selectively protecting hERG in conditions such as cardiac ischemia.
Experimental Procedures
Molecular Biology-hERG cDNA was obtained from Dr. Gail A. Robertson (University of Wisconsin, Madison, WI) (3). Point mutations of hERG were generated using an overlap extension PCR technique (7) . bEAG and hERG-EAG S5-pore plasmids (hERG with its S5-pore linker replaced by the bEAG S5-pore linker, hERG-EAGS5P) were obtained from Dr. Eckhard Ficker (Rammelkamp Center for Education and Research, MetroHealth Medical Center, Cleveland, OH (37)). KCNQ1 and KCNE1 cDNAs were obtained from Dr. Michael Sanguinetti (University of Utah, Salt Lake City, UT). KCNE2 cDNA was obtained from Dr. Steve Goldstein (University of Chicago). Kir2.3 cDNA was obtained from Dr. Carol Vandenberg (University of California, Santa Barbara, CA). Kv4.3 cDNA was provided by Gui-Rong Li (University of Hong Kong). hEAG cDNA was obtained from Dr. Luis Pardo (Max-Planck Institute of Experimental Medicine, Göttingen, Germany). GFP cDNA (pIRES2-EGFP (6029-1), Clontech, Mountain View, CA) was co-transfected for cell selection for patch clamp experiments with transiently expressed cells. Stable HEK 293 cell lines that express various K ϩ channels were generated using G418 for selection and maintenance as described previously (6) . The calpain-1 (SC116897), calpain-2 (SC119079), and MMP-2 (SC321560) plasmids were purchased from Origene Technologies Inc. (Rockville, MD). Myc-Matriptase-2 (TMPRSS6) (HG12317-G-M) was purchased from Sino Biological (Beijing, China).
Extracellular Cleavage of Cell Surface Proteins-For the extracellular calpain-1 cleavage of hERG channels, HEK cells were transfected with calpain-1 or empty pcDNA3 (control) plasmid. 24 h after transfection, the culture medium (Ctrl-m or CAPN-1-m) was collected and applied to hERG-HEK cells for 12 h. The cells were then collected for patch clamp or Western blotting analysis.
Patch Clamp Recording Method-The whole-cell patch clamp method was used. Details regarding procedures and solutions for recording various currents in cardiomyocytes as well as various K ϩ channel-expressing HEK stable cell lines have been described previously (6, 7) . In particular, the 5 mM K ϩ (standard) bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH). The 135 mM K ϩ bath solution contained 135 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM glucose, and 10 mM HEPES (pH 7.4 with KOH). All patch clamp experiments were performed at room temperature (22 Ϯ 1°C).
Western Blotting Analysis-Whole-cell lysates were extracted from hERG-HEK cells. Protein concentration was determined by using the Bio-Rad DC protein assay kit. 15 g of protein in 50 l of SDS-PAGE sample buffer was loaded and separated on 8% SDS-PAGE for 2 h and then electroblotted overnight at 4°C onto PVDF membranes (Bio-Rad). Membranes were blocked using 5% skim milk in 0.1% Tween 20-containing TBS for 1 h. Membranes were immunoblotted for 1 h using appropriate primary antibodies and then incubated with corresponding horseradish peroxidase-conjugated secondary antibodies. The signals were detected using the ECL plus Western blotting detection kit (GE Healthcare). The BLUeye Prestained protein ladder (GeneDirex) was used to identify band sizes. For quantification of Western blotting data, band intensities of proteins of interest in each gel were first normalized to their respective actin intensities; the band intensities of treatment group(s) were then normalized to their respective control(s) in the same gel and expressed as relative values.
Rabbit Ischemia Model-Animal protocols were approved by the Queen's University Animal Care Committee, and coronary ligation experiments were performed in the animal operating suites at the Queen's University animal care center. New Zealand White male rabbits (2.5-3.5 kg) were divided into control and ischemic groups. The rabbits were sedated with ketamine and medetomidine (10 and 0.2 mg/kg, intramuscularly). Rabbits were endotracheally intubated and maintained on a small animal ventilator (Harvard Apparatus) with a respiratory rate of 60 breaths/min and a fraction of inspired oxygen of 40%. Anesthesia was maintained with isoflurane (5.0% in oxygen at 2 liters/min) via mask/ventilator. A left thoracotomy was performed, and the left circumflex artery ϳ1 cm below the left atrial appendage was isolated. A 6.0 silk suture was placed proximally to the left circumflex coronary artery. Complete artery ligation was performed on ischemic rabbits, and the suture was placed but removed on shamoperated control rabbits. The chest was closed with layered sutures. 24 h after operation, rabbits were euthanized, and the hearts were excised. Left ventricular tissues in the affected regions were used for protein extraction and Western blotting analysis using protocols as described previously (6) .
Neonatal Rat Ventricular Myocyte Isolation and CultureSingle ventricular myocytes were isolated from 1-2-day-old Sprague-Dawley rats of either sex by enzymatic dissociation, as described previously (29) . Cells were cultured in DMEM/Ham's F-12 medium (Invitrogen) supplemented with 10% FBS. Myocytes were cultured on coverslips for 24 h and then treated with
